f Phages are a primary driving force behind the evolution of bacterial pathogens by transferring a variety of virulence genes into their hosts. Similar to other bacterial genomes, the Salmonella enterica serovar Enteritidis LK5 genome contains several regions that are homologous to phages. Although genomic analysis demonstrated the presence of prophages, it was unable to confirm which phage elements within the genome were viable. Genetic markers were used to tag one of the prophages in the genome to allow monitoring of phage induction. Commonly used laboratory strains of Salmonella were resistant to phage infection, and therefore a rapid screen was developed to identify susceptible hosts. This approach showed that a genetically tagged prophage, ELPhiS (Enteritidis lysogenic phage S), was capable of infecting Salmonella serovars that are diverse in host range and virulence and has the potential to laterally transfer genes between these serovars via lysogenic conversion. The rapid screen approach is adaptable to any system with a large collection of isolates and may be used to test the viability of prophages found by sequencing the genomes of various bacterial pathogens.
B
acterial evolution includes the modification of existing functions and the acquisition of new ones. Mutations in preexisting genes, including nucleotide exchanges or frameshifts, are common events and slowly contribute to the development of new phenotypes (45) . These events alone, however, do not fully explain the evolving architecture of the bacterial genome (32) . Horizontal gene transfer is an important driving force behind the evolution of all bacteria, allowing rapid gains of unique functions (48) . The lateral flow of genetic information between two organisms, mediated to a large extent by phage (14) , facilitates the emergence of new bacterial species and allows existing strains to adapt to, and thrive in, new environments.
Prophages, or their remnants, are common in bacterial genomes (33) . Approximately 60% of the sequenced bacterial genomes carry recognizable prophage elements (9, 23, 46) . Prophage genes may constitute as much as 10 to 20% of a bacterial genome (9, 19) , and they comprise a large proportion of the "unknown" genes in a genome typically annotated as coding for hypothetical proteins. Furthermore, through the introduction of new genes, prophages are responsible for many of the differences between bacterial strains belonging to the same species (10) . While numerous putative prophages have been identified in microbial genome sequences, in most cases it is not known whether a prophage is viable or not unless it can be induced. Furthermore, many viable phages are not inducible using standard techniques.
An essential requirement of any assay for phage viability is the selection of an appropriate host, one in which a successful infection can be observed phenotypically, for example, the formation of plaques on a lawn of host cells. The standard plaque assay has been widely used to identify viable phage. Phages are gathered from environmental samples and then spotted directly onto a bacterial lawn (27, 36) . Although this procedure is efficient in isolating lytic phage, it is not always an accurate indicator of lysogenic phage viability because the phages may form lysogens as well as plaques. Ashelford and colleagues (2) showed that substantial populations of bacteriophage are present in soil at levels 350-fold greater than the highest numbers estimated using traditional plaque counts. Systems are needed to rapidly identify appropriate hosts to allow better characterization of these phages.
Salmonella enterica is composed of more than 2,600 genetically related serovars (24) .These serovars differ in host range and the types of disease caused, and they are ideal candidates to identify new phage hosts because they differ in the surface receptors used by phages to start the infection process (38) . Salmonella serovars are highly similar at the DNA level, typically 95 to 99% identical in conserved regions. However, pairwise comparisons of the Salmonella genomes reveal that the serovars possess large insertions and deletions (indels) relative to each other. The indels are estimated to occupy approximately 500 to 600 kb of the 4.5-to 5-Mb genome, and approximately 60% of these chromosomal insertions are genes acquired from mobile genetic elements, most notably from temperate phage (18) .
Most of the phage found integrated into Salmonella chromosomes were considered defective (cryptic). It was hypothesized that these prophages have accrued mutations causing loss of function of genes necessary for lytic growth (7, 25, 44) . However, Salmonella enterica serovar Typhimurium strain LT2 harbors four fully functional prophages: Fels-1, Fels-2, Gifsy-1, and Gifsy-2 (1, 20, 21) . Furthermore, numerous Salmonella strains have been shown to release phage under standard culturing conditions (42) . These prophages carry genes that are beneficial to the host by promoting in vivo survival and pathogenesis (20, 22, 25, 26, 49) and are effective transfer agents of these genes, through either lysogenic conversion or generalized transduction.
Salmonella enterica serovar Enteritidis is the leading cause of food-borne salmonellosis in the United States and is primarily acquired through ingestion of undercooked poultry products (6, 10a) . Several phage types (PT) of S. Enteritidis are prevalent worldwide and are distinguished by their sensitivity to a defined set of lytic phage (15) . The predominant phage type found in S. Enteritidis outbreaks in Great Britain has been PT4 (47), while PT8 has dominated S. Enteritidis infections in the United States. Although previous attempts to identify viable prophages in S. Enteritidis strains have failed (44) , recently it was shown that a phage identified in S. Enteritidis strain NCTC13349 (PT4) and annotated as defective was capable of spontaneous excision (41) . However, no efforts were carried out to identify other strains that could act as alternative hosts for the phage.
In this study, we analyzed the sequence of a novel prophage, named ELPhiS (Enteritidis lysogenic phage S), present in the genome of S. enterica serovar Enteritidis PT8 strain LK5. To further characterize ELPhiS, a screening assay was developed to rapidly identify susceptible hosts from a large number of diverse natural Salmonella isolates. The assay results also demonstrated that ELPhiS is capable of transferring genes between Salmonella serovars.
MATERIALS AND METHODS
Selection and construction of bacterial strains. All bacterial strains and plasmids used are listed in Table S1 in the supplemental material. All strains were grown in Luria-Bertani (LB) medium at 37°C under standard conditions unless specified. LB was supplemented with ampicillin (100 g/ml), chloramphenicol (30 g/ml), and kanamycin sulfate (50 g/ml) as required.
Recipient strains used in lysogenic conversion assays were part of the Salmonella Reference Collection B (SARB) obtained from the Salmonella Genetic Stock Center (http://people.ucalgary.ca/ϳkesander/) (4). Several wild-type or mutant strains of serovars S. Enteritidis or S. Typhimurium were also used as recipients. P22 HT105/1 was used for generalized transduction and as a control for phage-mediated transfer.
The phage donor strains, all derivatives of wild-type S. Enteritidis LK5, were constructed by -Red site-directed mutagenesis (13) . Chloramphenicol or kanamycin resistance cassettes were inserted into defined locations within the ELPhiS prophage genome, one insertion per donor strain. To create the antibiotic resistance gene insertions, segments of DNA containing the antibiotic resistance genes were amplified by PCR. Primers were designed with the 3= end of the primer bearing 20 bp of homology to the plasmid-priming site and the 5= end possessing 20 to 50 bp of homology to the gene in the bacterial chromosome to be deleted or disrupted (see Table  S2 in the supplemental material). The kanamycin and chloramphenicol genes were amplified from template plasmids pKD4 and pKD3 using the chimeric primers and standard PCR protocols (13, 40) .
Helper plasmid pKD46 was introduced into S. Enteritidis LK5 following temporary inactivation of the host restriction system (17) . The plasmid-bearing strain was grown at 30°C for 4 h in LB medium containing ampicillin and supplemented with 1 mM L-arabinose to induce gene expression prior to being made electrocompetent (40) . PCR products were purified and electroporated into competent cells, and selection for transformants was carried out on the appropriate antibiotics.
Each insertion was backcrossed into wild-type S. Enteritidis LK5 using P22-mediated transduction. The backcross is important to ensure genetic homogeneity (30) because the -Red system involves induction of phage genes inside the host cell and the effect of overexpression of these genes on resident prophage has not been determined. Strains were determined to be free of contaminating P22 by streaking on Evans blue-uranine (EBU) plates and cross streaking against P22 as described previously (30) . Each insertion or deletion was confirmed by PCR using primers that flank sites of insertion (see Table S3 in the supplemental material).
Genome sequencing and analysis. The genome of S. Enteritidis LK5 was sequenced by a combination of Sanger sequencing and pyrosequencing (Matthews et al., unpublished data). Subsequent bioinformatic analyses performed using the NUCmer module of MUMmer 3.0 (16, 28) , progressiveMauve 2.3.1 (11, 12) , Geneious 5.3.6 (Biomatters, Ltd., Auckland, New Zealand), RAST 4.0 (3), and Artemis 12.0 (8) programs revealed the presence and gene organization of ELPhiS in the LK5 genome.
Prophage induction from S. Enteritidis LK5 donor cultures. Phage donor strains (Table 1) , grown overnight in the appropriate antibiotics, were diluted 1:100 in LB medium and grown to early exponential phase. To induce S. Enteritidis LK5 prophages, mitomycin C (Sigma-Genosys, St. Louis, MO) was added to the cultures (final concentration of 1 g/ml). Mitomycin C-treated cultures were grown for up to 6 h, and cells were lysed by the addition of a few drops of chloroform. Cellular debris was pelleted by centrifugation in a microcentrifuge at maximum speed for 5 min. The aqueous layer was collected and passed through a 0.22-mpore-size filter to remove any intact cells or large bacterial debris. Lysates were stored at 4°C.
Detection of packaged DNA by PCR. The induction and packaging of S. Enteritidis LK5 prophage was assessed using PCR. A 50-l aliquot of the phage lysates prepared from S. Enteritidis donor strains tagged with the Kan r gene were treated with 1 l of RQ1 DNase (Promega, Madison, WI) for 1 h at 37°C. The reaction was stopped by adding stop buffer (supplied with the enzyme) and heating to 65°C for 10 min. As a negative control, a 50-l aliquot of each lysate was left untreated with DNase, and, as a positive control, a lysate of phage P22 HT was grown on wild-type S. Enteritidis LK5 as described previously (29) . Three different sets of primers were used to detect DNA in the lysates (see Table S4 in the supplemental material). Primers specific to the gene thrA were used to detect the presence of chromosomal DNA in the lysates. Primers specific to the P22 eac and int genes were used to detect P22 packaged DNA. Primers specific to the Kan r marker were used to detect the presence of encapsidated prophage DNA. A standard PCR protocol was followed with one modification: the first cycle of PCR included an additional heating step for 10 min at 95°C to break open the phage heads and release packaged DNA.
Rapid screening assay to identify lysogenic conversion in susceptible hosts. In order to screen a large number of Salmonella strains for their suitability as hosts for the tagged ELPhiS phage, a rapid screening assay was developed. Individual strains (see Table S1 in the supplemental material) were grown to early exponential phase without shaking in wells of a 96-well microtiter plate containing 200 l of LB. Wells containing only medium and wells containing two wild-type S. Enteritidis strains (TK474 and LK5) (see Table S1 ) were included as controls. One plate for each phage donor strain was prepared by adding 10 l of an undiluted lysate freshly collected from an induced S. Enteritidis phage donor strain to each well of a 96-well microtiter plate. After overnight growth, 5 l of the mixture from each well was spotted onto the appropriate selective medium, with lysogenic conversion to antibiotic resistance indicated by bacterial colony formation. Determination of phage titer. EBU top-agar plates were prepared by adding 100 l of overnight cultures of the host strains identified in the rapid screening assays to the top agar (29) . Lysates were serially diluted in 10-fold increments in 0.85% NaCl and spotted on the top agar plates.
Preparation of high-titer phage lysates. High-titer lysates were prepared as described previously for phage (43) , with some modification. Lysates were serially diluted 10-fold and spotted onto EBU top agar plates prepared with a host strain previously identified as capable of supporting plaque formation. Following overnight growth, individual plaques were picked and stabbed onto a fresh lawn of the host strain. The same recipient was also grown in 10 ml LB medium overnight at 30°C and then pelleted by centrifugation for 20 min at 4,000 rpm. Pellets were each resuspended in 5 ml of 10 mM MgSO 4 , and 100 l of the resuspended cells were added to individual culture tubes. Phages were harvested from the plates by removal of entire lysed areas as agar plugs using sterile glass Pasteur pipettes. The plugs were then added to each of the culture tubes containing the recipient cells. One culture tube was left uninfected as a negative control. After brief vortexing and incubation at room temperature for 5 min, 4 ml of LB liquid medium was added. After 4 to 6 h growth, lysates were collected as described earlier. The titer was determined by spotting serially diluted phage lysates onto a lawn of the appropriate host.
Quantitative lysogenic conversion assays. The frequency of lysogenic conversion by tagged ELPhiS to Kan r was determined for the host strains identified in the screening assays. Cultures (5 ml) of host bacteria were grown overnight. The concentration of bacteria was determined by serial dilution and plating onto LB agar. High-titer lysates were diluted 1:100 in 0.85% NaCl, and 100 l of each diluted phage lysate was mixed with 100 l of an overnight culture of host bacteria, giving an approximate multiplicity of infection (MOI) of 1. The mixtures were incubated for 1 h to allow phenotypic expression and were then spread onto the appropriate selective medium. Lysogenic conversion frequency was measured by colony formation on selective medium.
Nucleotide sequence accession number. The ELPhiS genome sequence has been deposited into GenBank under accession number HM770079.
RESULTS

Genome analysis.
Five phage-encoding regions, including the ELPhiS prophage, were identified from our analysis of the S. Enteritidis strain LK5 genome. While four prophages were identical to the prophages ⌽SE10, ⌽SE12, ⌽SE12A, and ⌽SE14 found in S. Enteritidis P125109 (47), the LK5 genome lacked the ⌽SE20 prophage and contained the ELPhiS prophage. The ELPhiS prophage region is 34,116 bp flanked on either end by an almost perfect 84-nucleotide direct repeat [5=-AAAAAGGGGCTACGTTTTCAC GTAACCCCTTGTT(T/A)TATTTGGTGGAGCTGGCGGGAGT TGAACCCGCGTCCGAAATTCCTACAT-3=]. The ELPhiS attB site overlaps the attB sites of the SopE⌽ and Fels-2 phages within the tmRNA gene ssrA (37) located in the homologous region between SEN2612 and SEN2613 of P125109 (47) . The sequence analysis suggested that ELPhiS is a P2-like phage closely related to Fels-2 (63.2% DNA identity). The genomes of the two phages differed in their cargo gene content (all predicted to encode hypothetical proteins), as well as an inversion in the ϳ2.5-to 3.0-kbp region containing genes 34 to 36c next to the annotated DNA invertase gene (gene no. 37 [ Fig. 1]) .
The ELPhiS prophage genome encodes 46 annotated proteins predicted by RAST (Table 2 and Fig. 2 ), including structural genes encoding capsid, baseplate, and tail proteins, genes that enable lysis of the host cell, and genes that regulate lysogeny. The prophage genome contained 10 predicted hypothetical proteins of unknown function, three of these (genes 1c, 15, and 29c) being unique to ELPhiS (Fig. 2) .
Genetic tagging of prophages allows surveillance of phage viability. Genetically tagged strains were constructed to identify whether ELPhiS was inducible and able to infect naïve hosts, thus confirming that the annotated ELPhiS genes were functional. A total of six independent insertions were made in the ELPhiS prophage (see Table S2 in the supplemental material) using the -Red system (13); three were point insertions (no deletion of prophage Table 2. DNA), while three had either 7 bp, 468 bp, or 580 bp of phage DNA deleted. Insertion sites were chosen that were least likely to affect phage excision, genome packaging, and infectivity (i.e., within genes of unknown function or between open reading frames).
Detection of packaged DNA by PCR. PCR analysis was used to specifically detect the DNA packaged by induced phage (Fig. 3) . Lysates were collected from the Kan r S. Enteritidis donor strains, and a fresh lysate of phage P22 HT was grown on wild-type S. Enteritidis LK5 as a control. DNase I-treated and untreated aliquots of these lysates served as the templates in the PCR amplifications. An appropriately sized PCR product corresponding to the Salmonella housekeeping gene thrA was present in each reaction in which samples were not treated with DNase I and indicated the presence of chromosomal DNA in the lysate. A thrA product was also observed in the reaction in which a DNase I-treated aliquot of P22 lysate was the template. The presence of the product was due to packaged chromosomal DNA being protected from DNase I degradation. P22 HT105/1 is a generalized transducing phage, and up to 50% of the phage particles in a lysate will contain chromosomal DNA. The P22 int gene served as a positive control for packaged phage DNA. The correct sized 920-bp product was observed in both the treated and untreated P22 samples, demonstrating that P22 phage particles were protecting the int gene from enzymatic degradation.
A PCR product of the appropriate size for the Kan r marker was observed in lysates prepared from the two S. Enteritidis phage donor strains RE522 and RE579 (Fig. 3) as well as RE523. This product was present in both the DNase I-treated and untreated samples, indicating that the kanamycin resistance gene was packaged into a phage head and protected from degradation. However, no Kan r product was detected in lysates prepared from RE548, RE574, or RE581. No thrA product was detected in the DNase I-treated samples; this showed that packaging of DNA was specific for ELPhiS DNA.
Protection from DNase degradation and PCR amplification of the Kan r marker located in the ELPhiS prophage provided evidence that ELPhiS DNA was packaged upon induction. Furthermore, phage genome-specific packaging was shown by the exclusion of the thrA gene from the phage head.
Rapid screening assay to identify susceptible hosts. Most studies of genetic exchange by phages in Salmonella have relied upon the serovar Typhimurium laboratory strain LT2 as both a phage donor and recipient (1, 20-22, 31, 37) . Mitomycin C-induced lysates were collected from each of the Kan r and Cam r S. Enteritidis phage donor strains and were used to infect LT2. However, none of the S. Enteritidis lysates converted LT2 to antibiotic resistance. In addition, plaque assays revealed that none of the phages present in any of the S. Enteritidis donor strains formed plaques on a LT2 lawn. Therefore, a rapid screening assay for lysogenic conversion to antibiotic resistance was developed using microtiter plates inoculated with 72 strains from the SARB collection (4) and additional strains from the laboratory collection which served as positive or negative controls (see Table S1 in the supplemental material).
Lysates prepared from the Kan r donor strains RE522 and RE579 were capable of converting the same 11 strains to Kan r in a reproducible manner (Table 3 ). The assays were repeated using lysates collected from the Cam r phage donor strains RE641 and RE648. Results of this second group of assays were identical to those seen with the Kan r donor strains. Taken together, these results allowed us to qualitatively identify suitable hosts for ELPhiS from a large pool of Salmonella strains.
Evaluation of plaque formation by S. Enteritidis phage. We compared the ability of the phage lysates from RE522 and RE579 to form plaques on each of the susceptible host strains. Lysates were collected from mitomycin C-induced cultures of RE522 and RE579 and spotted onto EBU top agar plates prepared with each of the susceptible host strains. Although all 11 host strains were susceptible to lysogenic conversion, only two strains yielded plaques (2.4% of all the strains tested). SARB40 (S. enterica serovar Panama) yielded faint plaques, while SARB49 (S. enterica serovar Paratyphi C) allowed the development of larger, well-defined plaques. SARB49 was therefore selected as the host to generate high-titer lysates used in subsequent assays. The high-titer lysates of phage originally obtained from RE522 and RE579 but grown in SARB49 were used to repeat the plaque assay. As a result, plaques were observed on two additional strains, SARB4 (S. enterica serovar Choleraesuis) and SARB36 (S. enterica serovar Newport). The other seven recipient strains capable of lysogeny remained resistant to plaque formation.
Quantitative lysogenic conversion assays reveal differences in lysogeny frequency. The rapid screening assays were instrumental in identifying which of the marked S. Enteritidis strains produced functional phages and which Salmonella strains were able to serve as hosts for these phages. However, these assays were not quantitative and further assays were necessary to quantify the 
FIG 3
Detection of phage-encapsidated DNA using thrA primers. P22 eae/int primers amplified regions specific to P22. The samples in lanes marked "ϩ" were treated with DNase. A PCR product using primers to amplify the kanamycin gene proved that phage were viable and packaged its own genome. 1 corresponds to phage donor strain RE522. 2 corresponds to phage donor RE579. frequency of lysogenic conversion. High-titer lysates prepared from both Kan r and Cam r strains (RE522/RE641, RE523/RE642, and RE579/RE648) were used to infect the recipients identified in the screening assays. Lysogenic conversion to antibiotic resistance was observed in each lysate and host mixture, confirming the results seen with the screening assays. The frequency of lysogenic conversion, as measured by the ratio of the number of antibiotic resistant lysogens to the total number of host cells, varied greatly (Fig. 4) . The variance was not due to differences in spontaneous resistance to kanamycin or chloramphenicol, as transfer of the resistance genes was demonstrated by PCR and no growth was observed on control plates containing cells or lysate only, but could be the result of the recipient bacteria's barriers to horizontal gene transfer or the inefficient packaging due to the size and positioning of the antibiotic resistance markers in the prophage.
Confirmation that ELPhiS is a single inducible phage. Experimental data showed that two independent insertions in the same region of the S. Enteritidis LK5 chromosome appear to be in a viable prophage. Our hypothesis was that the two insertions were within the same phage, but we could not demonstrate simultaneous transfer of two markers between strains (i.e., simultaneous coinheritance of Kan r and Cam r ) even though we could demonstrate that with transducing phage P22 (see Fig. S1 in the supplemental material). The combined size of the insertions probably adversely affected phage DNA packaging and/or recircularization. We therefore used a PCR-based approach to detect cotransfer of independent regions. Host strains lysogenized by phages released from RE522 always acquired both the region harboring the selected insertion and the locus where the alternative insertion is located in RE579. Reciprocal experiments demonstrated linkage between transfer of RE579 and RE522. Together, these data imply we have identified a single inducible phage, which we named ELPhiS (Enteritidis lysogenic phage S).
Isolation of viable phages from ELPhiS lysogens. The genome sequence suggests that ELPhiS is intact and able to express all proteins necessary for phage production. To confirm this hypothesis and determine whether ELPhiS was capable of autonomous induction, the Salmonella host strains identified by the rapid screening assay were used in the larger scale assays described previously. Lysogens of the 11 host strains formed by infection with ELPhiS lysate derived from RE522 and RE579 were selected for by demanding growth on kanamycin. Once the presence of the prophage in the recipients was confirmed by PCR, mitomycin C was used to induce the prophages again. Lysates were prepared and an aliquot was spotted onto a fresh lawn of SARB49, chosen because of its ability to support well-defined plaques. Lysates collected from all of the lysogens produced plaques on this strain. Furthermore, antibiotic-resistant lysogens were recovered from each of the plaques. These strains could again be induced to release phage particles capable of antibiotic resistance lysogenic conversion. This serial induction and passage of the phage implied that ELPhiS does not require a helper phage for mobilization unless it is present in all 11 SARB members.
DISCUSSION
The salmonellae have been instrumental tools in the development and understanding of phage biology. The temperate phage P22, whose normal host is serovar Typhimurium, was identified more than half a century ago when Zinder and Lederberg discovered the generalized transduction of genetic material between different Salmonella isolates (serovar Typhimurium isolates LT2 and LT22) (50) . Since that seminal work, several more phages from S. Typhimurium have been identified, including SopE⌽, two Fels phages, and three Gifsy phages. Similar to other temperate phages, these phages confer new or advantageous qualities on their host, including virulence determinants encoded by SopE⌽ and the Gifsy phages, and factors affecting bacterial survival that are encoded by the Fels-2 prophage. Furthermore, these phages that were long considered cryptic are capable of converting from a lysogenic to a lytic lifestyle and producing infective particles when exposed to the appropriate environmental signals. In each case, transfer has only been compared between parental strains and certain genetically manipulated Typhimurium strains cured of the prophage. The presence of viable phage in other Salmonella serovars and their role in the transfer of genetic information between the serovars remain outstanding questions. Despite extensive studies using serovar Typhimurium strains, there have been few studies on viable prophage in other Salmonella serovars. Genome sequencing of different serovar S. Enteritidis isolates has revealed regions on the chromosome with homology to known phage genes. Thomson et al. identified five prophages in S. Enteritidis PT4 (47), and we identified five prophages in S. Enteritidis PT8 (Matthews et al., unpublished). Only ⌽SE20 appeared intact in S. Enteritidis PT4; the other four prophages, also present in PT8 strain LK5, contained numerous pseudogenes. However, genome sequence analysis alone cannot ascertain whether these elements are inducible. Therefore, we developed a rapid assay to test whether the ELPhiS prophage in the S. Enteritidis PT8 strain LK5 genome is inducible and capable of lysogenizing a range of hosts.
Electron microscopic studies provided compelling evidence for S. Enteritidis prophage viability: several apparently intact phages were seen in a lysate prepared from wild-type S. Enteritidis LK5 (see Fig. S2 in the supplemental material). However, phage particles cannot be correlated to the prophages from images. Similarly, plaque assays, historically used to detect viable phages, have limitations in their ability to assess prophage viability. The relationship between prophages and intact virions cannot be determined solely by plaque formation. In addition, the plaque assay will indicate only bacterial lysis by phages, an event dependent on host susceptibility and the nature of the infective particle (i.e., lytic versus temperate phage). Indeed, phage ecologists have shown that viable phages are present in the environment in substantially larger numbers than predicted plaque counts (2).
Several lines of evidence indicate that a viable prophage was identified in the S. Enteritidis strain LK5 genome: (i) packaged DNA could be detected in cell-free lysates and was protected from DNase I treatment; (ii) markers could be transferred between strains using cell-free lysates, and the transfer could be repeated ad infinitum; and (iii) individual plaques were identified following serial dilutions, and bacteria isolated from the center of the plaques contained antibiotic-resistant lysogens.
While phage-mediated gene transfer occurs frequently in bacteria (34, 35) , many mechanisms have evolved to limit such exchanges. The phage must find a suitable receptor on the host surface that is not masked by capsule or other surface components. Subsequently, phage DNA must be introduced into the host cell, a process that may require host factors. Once inside the host cytoplasm, the phage DNA is susceptible to restriction modification, CRISPR (clusters of regularly interspaced short palindromic repeats), and superinfection exclusion systems. The phage DNA must be faithfully replicated and expressed, often requiring the interaction of host and phage proteins. The low number of Salmonella strains susceptible to lysogenic conversion and lysis when exposed to ELPhiS shows the effectiveness of these barriers. Our results with the high-titer lysate suggest that alternate modification systems may extend the phage host range and are in agreement with previous studies that showed that inactivation of restriction/modification systems increases phage transfer efficiency (17) .
We cannot fully explain why some strains appear to support only lysogenic growth of the virus particles and not lytic growth. Formation of a plaque requires multiple infection-replicationlysis cycles, and the phages may not be sufficiently adept at completing this cycle in many of the potential hosts. Other factors, such as host restriction systems and the presence of other prophages, may affect this process.
Our observations eliminate the possibility that the conversion of the 11 SARB recipients to antibiotic resistance was due to recombination between homologous regions transferred by generalized transduction and support the hypothesis of a functional S. Enteritidis phage capable of infecting and lysogenizing a naïve host. Furthermore, ELPhiS induced from non-S. Enteritidis lysogenic hosts could infect the same range of naïve hosts. ELPhiS is also capable of transferring genes horizontally through lysogenic conversion. Many phages contain cargo genes in their genomes that affect the virulence or fitness of the lysogen (reviewed in reference 5). ELPhiS contains three hypothetical cargo genes of unknown function, and these genes may also contribute to the virulence or fitness of LK5.
In addition to host-mediated factors, the size and location of the insertions in the donor chromosome affected the ability to detect the presence of the Kan r gene via PCR in a lysate as well as the frequency of lysogenic conversion. Only strains having deletions that compensate for the size of the inserted Kan r gene released phage particles detectable by PCR. Furthermore, the size of the inserted Cam r gene was 463 bp smaller than the Kan r insert and the analogous Cam r strains had a higher lysogenic conversion frequency (Fig. 4) . These data suggest that packaging of the ELPhiS genome is limited by its size. Although we speculate this is due to the constraints of headful packaging, we cannot eliminate the possibility of unforeseen effects on neighboring genes.
Induction of phage from bacterial genomes has been observed for more than 50 years. However, a reliable system to assess the viability of potential mobile genetic elements has not been developed. Assaying plaque formation on a single host, however useful for the isolation of lytic phage, will most likely miss a great number of viable phages. The rapid screening assay described here exploits the natural variations among bacteria to circumvent barriers to phage infection and permits identification of viable nonlytic phage by screening for lysogenic conversion. Using this assay, we have identified the inducible prophage ELPhiS within the S. Enteritidis LK5 genome and showed that it can transfer its own genetic material to naïve strains. With these genetic tools in hand, the role of the individual phage proteins in the infection process can be dissected. The rapid screening assay is not restricted to the salmonellae; it can easily be adapted for use in other bacterial species where multiple isolates are available. Since phage play an important role in the transfer of genes encoding toxins and other virulence factors, this assay will further our ability to track the emergence of new bacterial pathogens by identifying suitable hosts.
